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We present recent results on the vector meson-vector meson and vector meson-baryon 
interaction using a unitary approach based on the hidden-gauge Lagrangians. For the vector- 
vector case we find that 11 states get dynamically generated, corresponding to poles of 
the scattering matrices on the second Riemann sheet. In the vector-baryon sector we also 
find 9 states dynamically generated from the vector-baryon octet interaction and 10 from 
the vector-baryon decuplet interaction. We also report on baryon states found from the 
interaction of two mesons and a baryon. 



X. 

§1. Introduction 

Early in 1978, S. Weinberg made a great gift to hadron physics by showing 
that the dynamics of QCD in the hadron world can be addressed at low energies 
by means of effective theories in which the building blocks are the ground state 
mesons and baryons. 1 ) This idea has produced tools to address the interaction of 
mesons or mesons and baryons, mainly through chiral Lagrangians, which have had 
a tremendous impact on our understanding of the spectrum of meson and baryon 
resonances. We all accept that ground states of mesons and baryons are made of qq 
or three q respectively. Yet, the spectrum of excited hadronic states can be much 
richer. 

The building blocks in these chiral theories are the low energy hadrons, such as 
the proton and baryons of its SU(3) octet. To these one adds also the decuplet of 
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the A, considered as spin realignments of the three quark ground state. The basic 
mesons are the pion and mesons of its octet, to which one also adds the nonet of the 
p, which also corresponds to spin realignments of the qq ground state . 

What about meson and baryon resonances? The logical answer is that they 
are excitations of the quarks, which is the essence of quark models. Yet, although 
extensive theoretical efforts are spent by QCD motivated approaches which describe 
hadron resonances as excitations of quarks, 2 )' 3 ) a complete and reliable calculation 
of the entire excited hadron spectrum is still missing. 

It is interesting to recall basic facts from the baryon spectrum. The first excited 
N* states are the iV*(1440) (1/2+) and the iV*(1535) (1/2 - ). In quark models these 
states require a quark excitation of about 500-600 MeV. If this is the case, one may 
think that it takes less energy to create one pion, or two (140-280 MeV). The question 
is whether they can be bound or get trapped in a resonant state. How do we know 
if this can occur? We need dynamics, a potential for the interaction of mesons with 
ground state baryons and then solve the Schroedinger equation in coupled channels 
(or the Bethe Salpeter equation where the mesons are treated relativistically) . This 
information can be extracted from chiral Lagrangians: the effective theory of QCD 
at low energies. This is the philosophy behind the idea of dynamically generated 
baryons: Many resonances are generated in this way, like the 1/2 - states from 
meson baryon: iV*(1535), 4 ) two /1(1405) 5 ) or the 1/2+ states from two mesons and 
a baryon, like the TV* (1710) and others. 6 )' 7) 

Similarly, the interaction of pseudoscalar mesons leads to a good description of 
the low lying scalar mesons /o(600), / (980), and a (980) 8 ) -11 ) 

Inspired by the success of the unitary chiral approach, a further extension has 
recently been taken to study the interaction between two vector mesons and between 
one vector meson and one baryon. 12 )~ 17 ) The novelty is that instead of using inter- 
action kernels provided by ChPT, one uses transition amplitudes provided by the 
hidden- gauge Lagrangians, which lead to a suitable description of the interaction of 
vector mesons among themselves and of vector mesons with other mesons or baryons. 
Coupled-channel unitarity works in the same way as in the unitary chiral approach, 
but now the dynamics is provided by the hidden-gauge Lagrangians. 18 )~ 21 ) As shown 
by several recent works, 22 )~ 24 ) this combination seems to work very well. 

In this talk, we give an overview of recent developments concerning the interac- 
tion of vector mesons among themselves and vector mesons with baryons using the 
unitary approach, where several resonances appear as dynamically generated states. 

§2. Theoretical framework 

We follow the formalism of the hidden gauge interaction for vector mesons 
Q fi8)-2i) j- gee aj so 25) £ or a p rac tical set of Feynman rules). The Lagrangian involving 
the interaction of vector mesons amongst themselves is given by 
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where the symbol () stands for the trace in the S77(3) space and V^ u is given by 

V = dfjYu - d u V^ - ig[V^ V v ] , (2-2) 

where g is g = with / = 93 MeV the pion decay constant. The magnitude 
is the ordinary SU (3) matrix of the vectors of the octet of the p 

The lagrangian Cm gives rise to a contact term coming from [V^, V U ][V^, V u ], as 
well as to a three vector vertex 

41i = y W W - V V V^V V ) ■ cfP = ig{(V»d v V, - d v V,V»)V»), (2-3) 

In this case one finds an analogy to the coupling of vectors to pseudoscalars 
given in the same theory by 

C V PP = -ig([P,d v P]V v ) , (2-4) 

where P is the SU(3) matrix of the pseudoscalar fields. 

In a similar way, one obtains the Lagrangian for the coupling of vector mesons 
to the baryon octet given 

by 26),27) *) 

Cbbv = 9 {{B ltx [V^B]) + (B^BW)) (2-5) 

where B is now the ordinary SU(3) matrix of the baryon octet 

With these ingredients we can construct the Feynman diagrams that lead to the 
PB — > PB and VB — > VB interaction, by exchanging a vector meson between the 
pseudoscalar or the vector meson and the baryon, as depicted in Fig. 1. 




(a) (b) 

Fig. 1. Diagrams contributing to the pseudoscalar-baryon (a) or vector- baryon (b) interaction via 
the exchange of a vector meson. 

From the diagram of Fig. 1(a), and under the low energy approximation of 
neglecting q 2 /My in the propagator of the exchanged vector, where q is the mo- 
mentum transfer, one obtains the same amplitudes as obtained from the ordinary 
chiral Lagrangian for pseudoscalar-baryon octet interaction, namely the Weinberg- 
Tomozawa terms. The approximation of neglecting the three momenta of the vectors 
implies that V u in eq. (2-3) corresponds to the exchanged vector and the analogy 
with eq. (2-4) is more apparent. Note that e M e M becomes — ee' and the signs of the 
Lagrangians also agree. 
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Fig. 2. Transition amplitudes V appearing in the coupled-channel Bethe-Salpeter equation. 

One can see that the cases with (7 , S) = (3/2,0), (2, —1) and (3/2, —2), the last 
two corresponding to exotic channels, have a repulsive interaction and do not produce 
poles in the scattering matrices. However, the sectors (I,S) = (1/2,0), (0,-1), 
(1,-1) and (1/2,-2) are attractive and one finds bound states and resonances in 
these cases. 

The scattering matrix is obtained solving the coupled channels Bethe Salpeter 
equation in the on shell factorization approach of 28 )' 29 ) 



with G being the loop function of a vector meson and a baryon. This function is 
convoluted with the spectral function of the vector mesons to take into account their 



In this case the factor e e ', appearing in the potential V, factorizes also in the T 
matrix for the external vector mesons. This trivial spin structure is responsible for 
having degenerate states with spin-parity l/2 _ ,3/2~ for the interaction of vectors 
with the octet of baryons and 1/2 - , 3/2~, 5/2~ for the interaction of vectors with 
the decuplet of baryons. 

What we have done here for the interaction of vectors with the octet of baryons 
can be done for the interaction of vectors with the decuplet of baryons, and the 
interaction is obtained directly from that of the pseudoscalar-decuplet of baryons 
studied in. 30 )' 31 ) The study of this interaction in 15 )~ 17 ) leads also to the generation 
of many resonances which are described below. 

We search for poles in the scattering matrices in the second Riemann sheet, as 
defined in previous works. 32 ) 

For the case of vector- vector interaction the procedure followed is similar. We 
outline the main ingredients of the unitary approach (details can be found in Refs. 12 )' 13 )). 
There are two basic building-blocks in this approach: transition amplitudes pro- 
vided by the hidden-gauge Lagrangians and a unitarization procedure. In Refs. 12 )' 13 ** 
three mechanisms, as shown in Fig. 2, have been taken into account for the calcula- 
tion of the transition amplitudes V: the four- vector-contact term, the t(u)-channel 
vector-exchange amplitude, and the direct box amplitude with two intermediate 
pseudoscalar mesons. 

Among the three mechanisms considered for V, the four-vector-contact term and 
t(it)-channel vector-exchange one are responsible for the formation of resonances or 
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bound states if the interaction generated by them is strong enough. In this sense, 
the dynamically generated states can be thought of as "vector meson-vector meson 
molecules." On the other hand, the consideration of the imaginary part of the direct 
box amplitude allows the generated states to decay into two pseudoscalars. It should 
be stressed that in the present approach these two mechanisms play quite different 
roles: the four-vector-contact term and the t(tt)-channel vector-exchange one are 
responsible for generating the resonances whereas the direct box amplitude mainly 
contributes to their decays. 

To calculate the box diagram, one has to further introduce two parameters, A 
and Aj,. The parameter A regulates the four-point loop function, and Af, is related 
to the form factors used for the vector-pseudoscalar-pseudoscalar vertex, which is 
inspired by the empirical form factors used in the study of vector-meson decays. 33 -* 
The values of A and Aj, have been fixed in Ref. 12) to obtain the widths of the / (1370) 
and /2(1270). They are found to provide also a good description of the widths of 
the $(1525), #2(1430), and / (1710). 

§3. Resonances from the interaction of two vector mesons 



Table I. The properties, (mass, width) [in units of MeV], of the 11 dynamically generated states 
and, if existing, of those of their PDG counterparts. 34 ' The association of the dynamically 
generated states with their experimental counterparts is determined by matching their mass, 
width, and decay pattern. 



I G (J PC ) 


Theory 


PDG data 




Pole position 


Real axis 
A b = 1.4 GeV A b = 1.5 GeV 


Name 


Mass 


Width 


0+(0++) 


(1512,51) 


(1523,257) (1517,396) 


/o(1370) 


1200~1500 


200^500 


0+(0++) 


(1726,28) 


(1721,133) (1717,151) 


/o(1710) 


1724 ± 7 


137 ±8 


o-(i+-) 


(1802,78) 


(1802,49) 


fci 






0+(2++) 


(1275,2) 


(1276,97) (1275,111) 


/a(1270) 


1275.1 ± 1.2 


i85.oll;2 


0+(2++) 


(1525,6) 


(1525,45) (1525,51) 


/a(1525) 


1525 ±5 


73l 6 5 


i-(o++) 


(1780,133) 


(1777,148) (1777,172) 


a 






!+(!+-) 


(1679,235) 


(1703,188) 


bi 






1"(2++) 


(1569,32) 


(1567,47) (1566,51) 


a 2 (1700)?? 






1/2(0+) 


(1643,47) 


(1639,139) (1637,162) 


K* 






1/2(1+) 


(1737,165) 


(1743,126) 


tfi(1650)? 






1/2(2+) 


(1431,1) 


(1431,56) (1431,63) 


#2(1430) 


1429 ± 1.4 


104 ±4 



Searching for poles of the scattering matrix T on the second Riemann sheet, 
we find 11 states in nine strangeness-isospin-spin channels as shown in Table I. 
Theoretical masses and widths are obtained with two different methods: In the 
"pole position" method, the mass corresponds to the real part of the pole position 
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on the complex plane and the width corresponds to twice its imaginary part. In 
this case, the box diagrams corresponding to decays into two pseudoscalars are not 
included. In the "real axis" method, the resonance parameters are obtained from the 
modulus squared of the amplitudes of the dominant channel of each state on the real 
axis*\ where the mass corresponds to the energy at which the modulus squared has 
a maximum and the width corresponds to the difference between the two energies 
where the modulus squared is half of the maximum value. In this latter case, the 
box amplitudes are included. The results shown in Table I have been obtained using 
two different values of A^, which serve to quantify the uncertainties related to this 
parameter. 

Our treatment of the box amplitudes enables us to obtain the decay branch- 
ing ratios of the generated states into two pseudoscalar mesons using the real-axis 
method and this is explained in detail in Ref. 13 ) 

It is interesting to note that out of the 21 combinations of strangeness, isospin 
and spin, we have found resonances only in nine of them. In all the "exotic" channels, 
from the point of view that they cannot be formed from qq combinations, we do not 
find dynamically generated resonances. 

Applications of the results exposed above have been done to study different 
processes. As an example, the radiative decay into 77 of the /2(1270) and /o(1370) 
has been studied in 35 ) and good agreement with experiment is found. Similarly, the 
decay into 77 or a 7 and a vector meson for other resonances of 13 ) has also been 
evaluated in, 22 ) with also good agreement with experiment when available. Another 
test successfully passed by the former approach to these resonances is the decay of 
J ftp into 4>(uj) and one of the resonances generated in, 13 ) as explained in. 23 ) Another 
test is the J/ip decay into a 7 and one of the resonances of, 13 ) which has been studied 
in. 24 ) 

§4. Resonances from the interaction of vector mesons with baryons 

In table II we show a summary of the results obtained from the interaction of 
vectors with the octet of baryons 17 ) and the tentative association to known states. 34 ) 

For the (I,S) = (1/2,0) N* states there is the N*(1700) with J p = 3/2", 
which could correspond to the state we find with the same quantum numbers around 
the same energy. We also find in the PDG the AT* (1650), which could be the near 
degenerate spin parter of the AT* (1700) that we predict in the theory. It is interesting 
to recall that in the study of Ref. 36 ) a pole is found around 1700 MeV, with the largest 
coupling to pN states. Around 2000 MeV, where we find another N* resonance, there 
are the states N*(2080) and N*(2090), with J p = 3/2' and J p = 1/2" respectively, 
showing a good approximate spin degeneracy. 

For the case (I,S) = (0,-1) there is in the PDG one state, the 4(1800) with 
J p = l/2~, remarkably close to the energy where we find a A state. The state 
obtained around 1900 MeV could correspond to the 4(2000) cataloged in the PDG 
with unknown spin and parity. 



> See Tables I, II, and III of Ref. 13) 
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Table II. The properties of the 9 dynamically generated resonances and their possible PDG coun- 
terparts. 



I, s 


Theory 


PDG data 




pole position 


real 

mass 


axis 
width 


name 


J p 


status 


mass 


width 


1/2,0 


~~ 


1696 


92 


JV(1650) 


1/2" 




1645-1670 


145-185 










JV(1700) 


3/2 _ 




1650-1750 


50-150 




1977 + i53 


1972 


64 


iV(2080) 


3/2 _ 


** 


« 2080 


180-450 










iV(2090) 


1/2" 


★ 


« 2090 


100-400 


0,-1 


1784 + i4 


1783 


9 


71(1690) 


3/2" 


* *** 


1685-1695 


50-70 










/1(1800) 


1/2" 


* * * 


1720-1850 


200-400 




1907 + i70 


1900 


54 


71(2000) 


? ? 




?a 2000 


73-240 




2158 + il3 


2158 


23 












1,-1 




1830 


42 


17(1750) 


1/2" 


★ * * 


1730-1800 


60-160 






1987 


240 


17(1940) 


3/2- 


*** 


1900-1950 


150-300 










r(2ooo) 


1/2" 




« 2000 


100-450 


1/2,-2 


2039 + i67 


2039 


64 


=■(1950) 


? ? 




1950 ± 15 


60 ±20 




2083 + 131 


2077 


29 


=■(2120) 


? ? 




« 2120 


25 



The case of the E states having (I, S) = (1,-1) is rather interesting. The state 
that we find around 1830 MeV, could be associated to the 17(1750) with J p = l/2~. 
More interesting seems to be the case of the state obtained around 1990 MeV that 
could be related to two PDG candidates, again nearly degenerate, the 17(1940) and 
the 17(2000), with spin and parity J p = 3/2" and J p = 1/2" respectively. 

Finally, for the case of the cascade resonances, (I,S) = (1/2, —2), we find two 
states, one around 2040 MeV and the other one around 2080 MeV. There are two 
cascade states in the PDG around this energy region with spin parity unknown, the 
£"(1950) and the H(2120). Although the experimental knowledge of this sector is 
relatively poor, a program is presently running at Jefferson Lab to improve on this 
situation. 37 ^ 

The case of the vector interaction with the decuplet is similar 31 ) and we show 
the results in Table III 

We also can see that in many cases the experiment shows the near degeneracy 
predicted by the theory. Particularly, the case of the three A resonances around 
1920 MeV is very interesting. One observes a near degeneracy in the three spins 
1/2", 3/2", 5/2~, as the theory predicts. It is also very instructive to recall that 
the case of the Z\(5/2~) is highly problematic in quark models since it has a 3 hoo 
excitation and comes out always with a very high mass. 15 )' 38 ) 

The association of states found to some resonances reported in the PDG for the 
case of /l, E and E states looks also equally appealing as one can see from the table. 
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Table III. The properties of the 10 dynamically generated resonances and their possible PDG coun- 
terparts. We also include the N* bump around 2270 MeV and the 4* bump around 2200 MeV. 



S, I 


Theory 


PDG data 




pole position 


real axis 
mass 


width 


name 


J p 


status 


mass 


width 


0,1/2 


1850 + i5 


1850 


11 


iV(2090) 


1/2" 


★ 


1880-2180 


95-414 










iV(2080) 


3/2" 

/ 


irk 


1804-2081 


180-450 






2270(6ump) 




iV(2200) 


5/2~ 




1900-2228 


130-400 


0,3/2 


1972 + i49 


1971 


52 


4(1900) 


1/2" 




1850-1950 


140-240 










4(1940) 


3/2" 

/ 




1940-2057 


198-460 










4(1930) 


5/2" 


* * * 


1900-2020 


220-500 






2200(&urap) 




4(2150) 


1/2" 


* 


2050-2200 


120-200 


-1,0 


2052 + iW 


2050 


19 


yl(2000) 


? ? 




1935-2030 


73-180 


-1,1 


1987 + il 


1985 


10 


17(1940) 


3/2 _ 


* * * 


1900-1950 


150-300 




2145 + i58 


2144 


57 


17(2000) 


1/2- 




1944-2004 


116-413 




2383 + 273 


2370 


99 


17(2250) 


? ? 


*** 


2210-2280 


60-150 










17(2455) 


? ? 




2455±10 


100-140 


-2,1/2 


2214 + i4 


2215 


9 


S(2250) 


? ? 




2189-2295 


30-130 




2305 + i66 


2308 


66 


H(2370) 


? ? 




2356-2392 


75-80 




2522 + i38 


2512 


60 


=■(2500) 


? ? 




2430-2505 


59-150 


-3,0 


2449 + il 


2445 


13 


^(2470) 


? ? 




2474±12 


72±33 



The reasonable results reported here should give a stimulus to search experimen- 
tally for the missing spin partners of the already observed states, as well as possible 
new ones. 

One interesting application of these results is the evaluation of the radiative 
decay of these resonances into a 7 and a baryon of the octet or the decuplet, according 
to the case studied above. Predictions are made in 39 ) for radiative decay widths into 7 
and a baryon, and, in particular, for the case of decay into 7 and a baryon of the octet, 
the helicity amplitudes are evaluated and compared to data when available. The 
agreement with experiment is fair, account taken of the experimental uncertainties. 
A comparison with predictions of quark models is also made in. 39 ) 

§5. States of two mesons and a baryon 

In 6 )' 7 ) a formalism was developed to study Faddeev equations of systems of two 
mesons and a stable baryon. The interaction of the pairs was obtained from the chiral 
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unitary approach, which proves quite successful to give the scattering amplitudes of 
meson-meson and meson-baryon systems in the region of energies of interest to us. 
The spectacular finding is that, leaving apart the Roper resonance, whose structure 
is far more elaborate than orig inally thought, 40 )' 41 ) all the low lying J p = 1/2+ 
excited states are obtained as bound states or resonances of two mesons and one 
baryon in coupled channels. 

Particularly relevant is the issue of a possible bound state of KKN . In, 42 ) using 
variational methods, the authors found a bound state of KKN, with the KK being 
in the do (980) state. 42 ) The system was studied a posteriori in 43 ) and it was found 
to appear at the same energy and the same configuration, although with a mixture 
of / (980)iV, see fig. 3. This state appears around 1920 MeV with J p = 1/2+. In 
a recent paper 44 ) some arguments were given to associate this state with the bump 
that one sees in the jp —¥ K + A reaction around this energy, which is clearly visible 
in recent accurate experiments. 45 )' 46 ) If this association was correct there would be 
other experimental consequences, as an enhanced strength of the ^p — > K + K~p cross 
section close to threshold, as well as a shift of strength close to the KK threshold 
in the invariant mass distribution of the kaon pair. This reaction is right now under 
study. 47 ) Another suggestion of 44 ) is to measure the total jp spin S z = 1/2 and 
S z = 3/2 amplitudes, the z-direction along the photon momentum, since this would 
discriminate the cases where the peak around 1920 MeV is due to a l/2 + or a 3/2+ 
resonance. 



|T" R | 2 (10" 6 MeV 6 ) 
2.5 | 

A 
fa 



1.0 — 
0.5 — 

0.0 — 

VS23(MeV) 1 ° 2 ° 5 fe- ^ ~T 

1840 1880 1920 1960 2000 

Vs (MeV) 



Fig. 3. \T\ 2 for the NKK — > NKK transition, showing a peak that is associated to a tentative 
iV*(1910) resonance. 
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